Detecting and controlling nuclear spin nano-ensembles is crucial for the further development of nuclear magnetic resonance (NMR) spectroscopy and for the emerging solid state quantum technology. Here we present the fabrication of a ≈ 1 nanometre thick diamond layer consisting of 13 C nuclear spins doped with Nitrogen-Vacancy centres (NV) embedded in a spin-free 12 C crystal matrix. A single NV in the vicinity of the layer is used for polarization of the 13 C spins and the readout of their magnetization. We demonstrate a method for coherent control of few tens of nuclear spins by using radio frequency pulses and show the basic coherent control experiments -Rabi oscillations, Ramsey spectroscopy and Hahn echo, though any NMR pulse sequence can be implemented. The results shown present a first steps towards the realization of a nuclear spin based quantum simulator.
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The concept of a quantum simulator originates from Feynman [1] , where the idea is to use a well controlled quantum system to simulate different types of Hamiltonians. While the first demonstrations of quantum simulator concepts have been realized already in ultra cold quantum gases [2] and ion traps [3] , but a solid state implementation is still limited, though there has been some promising realizations of interaction Hamiltoninians using macroscopic nuclear spin ensembles [4] (not scalable though due to the usage of pseudo-pure states) and using superconducting qubits [5] . A recent theoretical proposal and analysis demonstrate that a quantum simulator even for 2D spin systems is feasible on the basis of diamond quantum technologies.
Two major challenges towards this goal are the fabrication of a nano-ensemble of coupled nuclear spins and their coherent control and read-out. Important steps towards the latter goal have been taken during the last decades as the minimum number of nuclear spins that can be detected has been continuously decreasing, where finally coherent control of a single nuclear spin strongly coupled to a single electron spin has been demonstrated using optical [6] and electrical detection [7] . Later on first the detection of ten thousand nuclear spins outside of the substrate has been demonstrated [8, 9] and finally single spin sensitivity [10] [11] [12] has been achieved.
Here, we address the above challenges by proposing a novel approach for generating clusters of nuclear spins, with intra-clusters interactions of varying strength. Additionally we demonstrate a method for initialization, readout and control of few tens of nuclear spins. We fabricated by chemical vapour deposition (CVD) a nanometre thick diamond layer of 13 C carbon atoms (nuclear spin I = 1/2) on two substrates, referred to as samples A and B. The growth conditions and procedure have been reported previously [13] . In the former the layer is separated both from the substrate and from the surface by a 10 nm thick 12 C enriched (nuclear spin free) diamond layer in order to reduce magnetic noise. In sample B the distances are 20 and 5 nm respectively. In sample A the 13 C layer was additionally doped with nitrogen and sample B was implanted with nitrogen ions, in order to create single nitrogen-vacancy centres (NV) in the vicinity of the 13 C layer. In both samples single NVs are coupled to few tens of nuclear spins, thus enabling polarization and read out of the magnetization of these small ensembles. Coherent control over the nuclear spins (demonstrated in sample A) is realized via radio frequency (RF) pulses allowing to perform NMR spectroscopy as well as to implement quantum gates.
A cross section of the diamond samples used in the experiments is shown in Figure 1 . First a 12 C enriched (99.99 %) diamond layer is grown via CVD on an ultra pure diamond substrate (E6 Ltd., electronic grade). On top of it a 13 C (using > 98.4 % 13 CH 4 ) enriched layer is grown which in sample A is additionally doped with nitrogen in order to form single NV centres. Finally the cap layer is used to protect the spin properties of the NV centres from the surface noise which induces decoherence as reported previously [14] . Nitrogen δ-doping during the growth process (sample A) and the nitrogen ion implantation (sample B) were optimized to position the NV-centres in the vicinity of the 13 C enriched region. Three implantation energies were used -5, 2.5 and 1 keV, resulting in an average depth of the nitrogen ions of 7, 3.5 and 1.4 nm respectively. The nuclear spin structure can be characterized by measuring the effect of the nuclear spin environment on the NV-centres. Confocal microscopy fluorescence imaging revealed the presence of single NVs in both samples. Optically detected magnetic resonance measurements of over 483 NV centres (sample A) and 584 NV centres (sample B) show strong coupling of the NVs to 13 C nuclear spins. The spectra can be divided into four groups, distinguished by the number of 13 C nuclear spins next to the vacancy, see Figure 2 . NV-centres (A) lacking a first-shell carbon spin (Fig.2a) , (B) interacting with a single first-shell 13 C spin, and showing a 130 MHz characteristic splitting (Fig.2b) , (C) interacting with two first-shell 13 C spins showing three spectral lines (Fig.2c ) and (D) interacting with three first-shell 13 C spins showing four spectral lines (Fig.2d) . The latter group would dominate the observed spectra if all the NV-centres were embedded in a 100% abundance of 13 C atoms. We note the probability of finding an NV-center of group k (k = A, B, C, D) as p k , and summarize the values obtained from the data for both samples in table I. We note the larger number of NVs in groups p A and p D suggest the presence of two types of regions -one with high and one with low concentration of 13 C spins at the microscopic level. To quantify the overgrown layer at the nanometre scale, we fit a model whose principles are derived from the growth procedure. A detailed description is given in the Supplementary Material.
For each of the four groups, we extract the averaged line width of the ODMR spectra, and compare it with the one expected from simulation (data not shown). In the simulated spectra, the interaction between the electron and the nuclear spins is extracted from an exact calculation of the hyperfine tensor [15, 16] for the nuclear spins which are located within 1.5 nm from the NV-center. For nuclear spins which are further away, the dipole-dipole approximation is used. The line width ∆ν of the NV-centres increases with the number of first-shell 13 C spins, and the distribution of ∆ν for the group D (three nuclear spins) is smaller than the one of group B and C. Both features are reproduced by our model in a good agreement (Fig.3) with the experimental data. For additional analysis of the structure of the layer, see the Supplementary Material.
NV centres from group A in sample A were chosen for the further experiments since in this diamond we found single NV coupled to a larger number of 13 C spins compared to sample B. The dense solid state 13 C nuclear spin ensemble, coupled to NVs from group A, can be used to explore many body physics and as a test system for improving the resolution and sensitivity of nanoscale NMR techniques. A single NV from group A was chosen, having parallel and perpendicular components of the hyperfine interaction to 13 C nuclear spins of A ∼ A ⊥ ∼ 50 kHz [17] , measured both by XY8 [17] and Hartmann-Hahn [18] type of measurements. From this the distance between the NV and the 13 C layer is estimated to be 0.72 nm. The coherence time of this NV was found to be T 2 = 50 µs.
In order to obtain control over the nuclear spins, a robust method for the initialization (polarization) and readout of the nuclear spins is required. We have recently developed a technique to achieve this goal by utilizing a HartmannHahn double resonance [19] and here the main idea is given. The NV's electron spin is driven by applying a spin locking sequence with a Rabi frequency Ω = ω L , where ω L is the Larmor frequency of the nuclear spins. At this condition there is transfer of polarization between the two systems, allowing to polarize and read out the state of a small ensemble of nuclear spins. The pulse sequence of this measurement named Polarization ReadOut via Polarization Inversion (PROPI) is depicted in Figure 4 . It consists of two blocks of pulses and the working principle is the following. First we apply a laser pulse to initialize the NV center into the |m s = 0 state. Then we apply a MW π/2 pulse to create the superposition state 1/ √ 2 (|m s = 0 + |m s = −1 ) followed by a long MW pulse to keep the NV in this rotated basis (spin locking) to allow for resonant transfer of population between NV and nuclei. Afterwards a π/2 pulse is used to transfer the coherence to population difference, which is then read out by a second laser pulse. This sequence is repeated several hundred times and the signal is shown in Figure 4b . We observe that with increasing number of steps, the fluorescence decays since the NV's electron spin polarization is transferred to the surrounding nuclear spins. After some time a saturation is reached, where the nuclear spins located in the vicinity of the NV center are polarized parallel to the applied static magnetic field B 0 ("up" state |↑ [19] ). Now if we change the phase of the first MW pulse by 180
• in order to populate the opposite dressed state and we repeat the sequence, we observe a similar behaviour as there is again spin polarization transfer. The difference is that here the nuclear spin polarization is changed from parallel to anti-parallel to the magnetic field ("down" state |↓ ). If the nuclear spin polarization has not changed in between the two pulse blocks, then the area A ↑ below the first curves will be equal to the area A ↓ below the second curve. However, if there is a process affecting the nuclear spins (thermal relaxation, decoherence and spin diffusion, see below), then A ↑ = A ↓ . The sequence could be simplified if we remove the second pulse block and polarize the nuclear spins only in one state, for example in |↑ . In this case the area below the curve will change due to some nuclear spin dynamics, for example if there is a time delay τ then A ↑ = A ↑ (τ ). Both the PROPI sequence (Figure 4a ) and its simplified version can be used to initialize the nuclear spin ensemble and readout its magnetization, where we obtain similar results. First we demonstrate that the spin lattice relaxation (SLR) time T 1 of the nuclear spins can be determined by using the simplified PROPI. For this purpose we introduce a time delay τ SLR between the two polarization blocks, see Figure 4b . Here we observe that A ↑ (τ SLR ) increases with increasing τ SLR and a saturation is reached around 200 ms. An exponential decay fit reveals T 1 = 100 ms, a quite short value which is probably due to the low magnetic field B 0 = 458 G and the high local concentration of paramagnetic subsitutional nitrogen (P1 centres, electron spin S = 1/2). Another possible loss of polarization could be the nuclear spin diffusion out of the ensemble measured by the NV center.
Next we demonstrate coherent control over the nuclear spins using RF pulses. In figure 5a the pulse sequence is shown used to measure Rabi oscillations of the nuclear spin ensemble. Similar to the previous experiment it starts with a pulse block (see also figure 4a) to initialize the nuclear spins into the "up" state |↑ . Afterwards we apply a single RF pulse resonant with the |↑ ↔ |↓ transition. Then we apply a second pulse block, which polarizes the nuclear spin ensemble back into the |↑ state. The NV's fluorescence read out from this pulse block is depicted in figure 5b . We find that the signal increases with increasing the length of the RF pulse τ RF . If we take the area below the curves, we obtain the typical Rabi oscillations, shown in Figure 5c , upper graph. By increasing the RF power we observe an increase in the Rabi frequency as expected, Figure 5c , lower graph.
Finally we demonstrate NMR spectroscopy of a small nuclear spin ensemble. For this purpose we record the free induction decay (FID) of the ensemble (sometimes called Ramsey fringes) by using the pulse sequence depicted in figure 6a. After polarizing the nuclear spins into the |↑ state we apply a RF π/2 pulse to create the superposition state |ψ = 1/ √ 2 (|↑ + |↓ ). We let this state evolve for a time τ FID then we apply a second RF π/2 to convert it to a population difference. The latter is read out by the second pulse block on the NV center. In figure 6b we show a typical FID of a 13 C nuclear spin ensemble, when the NV was initialized in m s = |0 before the RF pulse. The exponential fit to the data reveals a phase memory time of T * 2 = 2.5 ms which is probably limited by the spin relaxation time T 1 of the NV or by the high local concentration of P1 centres. If the NV is initialised into |m s = −1 state by applying a laser and a MW π pulse, then we observe a much shorter T nm distance), generated by the electron spin of the NV. The gradient shifts the resonance frequencies of the nearby nuclear spins and a broadening of the line of about 33 × 1.1 kHz/G= 36.3 kHz is expected, which agrees roughly with the value obtained from the experiment -1/πT * 2 = 1/(0.113 × π) = 2.82 kHz.
In conclusion, we have demonstrated the fabrication of a nanometre thin 13 C enriched diamond layer, where small nuclear spin ensembles are coupled to single NV centres. We present a method for coherent control of those ensembles by combining RF pulses and PROPI-based [19] pulse sequences. Rabi measurements and NMR spectroscopy have been performed, revealing that the NMR line width depends strongly on the state of the NV center during the free evolution time. This result confirms that the 13 C nuclear spins are indeed in the close vicinity of single NV centres as expected from the CVD growth conditions. We believe that our work will find application in the emerging field of solid state quantum simulators, based not only on NV centres, but also on other physical systems involving a central electron spin and a nuclear spin bath -such as phosphor donors in silicon and semiconductor quantum dots.
